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Abstract:  
The research undertaken to date in the area of 
impact of PV on the grid has identified possible 
issues that may arise, particularly under high 
penetration of solar PV. These issues include 
generation/demand mismatch, voltage 
regulation, power quality in terms of total 
harmonic distortion (THD), dynamic response 
to grid faults, contribution to fault currents and 
protection (of the grid and of the PV system).  
With increasing penetration of PV at residential 
level and with plans for demand side 
management and smart grid implementation, it 
is necessary to analyse the interaction of the 
PV system with the grid and better understand 
the performance under different operating 
conditions. This paper considers a 
representative UK residential power network 
under different PV penetration levels and 
identifies the power factor variation and 
possible approaches for its improvement.  
Introduction 
Energy is indispensable to the modern 
economy.  At present, the majority of the UK’s 
energy requirements are fulfilled by non-
renewable sources which lead to significant 
greenhouse gas emissions such as carbon 
dioxide.  As a result of concerns about climate 
change, the UK Climate Change Act 2008 set 
a target to cut carbon dioxide emissions by 
80% by 2050 (as compared to 1990 levels) [1].  
Renewable energy technologies are one 
means to reduce the emissions associated 
with electricity generation and their 
development has been supported globally, in 
Europe and in the UK. The UK Renewable 
Energy Roadmap (2011) proposes a target of 
meeting 15% of total UK energy demand from 
renewables by 2020 [2] and solar PV is one of 
the key technologies that will help in delivering 
this target. The ability to reduce the installed 
costs will determine the level of sector growth 
and the cost competitiveness of solar PV. The 
PV market has shown a significant reduction in 
PV panel costs over the last decade [3].  There 
is a large opportunity for PV generation, but 
the contribution could be limited by several 
factors, including its impact on grid/network 
performance. The paper seeks to further 
analyse the network performance parameters 
that could limit the contribution from solar PV.  
Methodology 
The technical issues discussed in the literature 
are voltage fluctuations, voltage flicker, voltage 
control, harmonic distortion, generation/ 
demand mismatch, fault current, system 
unbalance, protection co-ordination, need for 
equipment upgrades, losses in the network, 
power system oscillations due to lack of inertia 
of the system and grid vulnerability [4-9].  
Barriers in terms of outdated interconnection 
requirements and lack of standards have also 
been discussed [10, 11]. The majority of the 
available literature focuses on large scale solar 
systems and on the system analysis at the 
transmission level. Extending the results of 
these studies may not be suitable for a 
distribution feeder as their characteristics are 
entirely different. Traditionally, distribution 
networks have evolved to be passive with very 
limited automation and monitoring as 
compared to transmission networks [12]. Also, 
the direction of power flow has been from 
central generators to the loads typically located 
at the end of the distribution network. With 
increasing penetration of small scale 
generators, including PV systems, there arise 
scenarios of two-directional power flow and 
real-time power mismatch in the distribution 
network.   
A sample network representative of the UK 
residential network, as shown in Figure 1, has 
been chosen [4].  For the purpose of the 
following analysis, only one low voltage (LV) 
feeder (supplied from a 500 kVA transformer), 
together with its connected loads, was 
modelled in detail.  The tap changer is set to 
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Figure 1: Sample Network 
provide a secondary per phase voltage of 250 
V in order to ensure that the voltage is within 
the statutory limits under maximum demand 
conditions.  The detailed 400 V feeder supplies 
57 houses and it is assumed that these houses 
are uniformly distributed in the three phases 
across 6 node points L1 to L6.  
Table 1 gives the details of the number of 
houses in each node point and the house 
numbers. The After Diversity Maximum 
Demand (ADMD) per house is 1.4 kVA [13]. 
Each individual solar PV system is assumed to 
have a rating of 2.75 kWp comprising 11 solar 
PV modules, 250 Wp each, connected in 
series and a single phase inverter of rating 
2.75 kVA. Boost configuration of the inverter 
and Perturb and Observe (P&O) based 
maximum power point tracking are used.  The 
percentage of penetration of solar PV is 
defined as the ratio of the rating of the solar PV 
system in kWp (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃) to the after diversity 
maximum demand per household in kW 
(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴) % 𝑝𝑝𝑝𝑝𝑃𝑃𝑝𝑝𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝𝑃𝑃 =  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 ∗ 𝑃𝑃𝑝𝑝. 𝑝𝑝𝑜𝑜 ℎ𝑝𝑝𝑜𝑜𝑜𝑜𝑝𝑝𝑜𝑜 
During steady state analysis, it is assumed that 
changes to load and generation are small and 
happen at time intervals such that each instant 
can be considered individually as steady state. 
Simulation of the section under consideration 
is performed for PV penetration levels 0% to 
80% varied in steps of 10%. Minimum load of 
500 W and irradiation levels of 800 and 1000 
W/m2 have been used.  The location of the PV 
system in the LV network is assumed to be 
clustered near the substation, at the middle of 
the LV feeder or at the far end of the feeder. 
The monitored parameters of the feeder are 
voltage profiles, THD of current, net power flow 
and power factor at the secondary of the 
substation transformer.  
Results and discussion 
Figure 2 shows the voltage profiles of the 
feeder for minimum loading conditions under 
constant  irradiation  of  1000 W/m2  at different 
Table 1: Details of houses/node 
Node 
no. 
L1 L2 L3 L4 L5 L6 
No. of 
houses 
4 2 5 2 4 2 
House 
no.’s 
1-4 5, 
6 
7-
11 
12, 
13 
14-
17 
18, 
19 
 
PV penetration levels with the PV concentrated 
near the secondary of the substation. Figure 3 
shows the same for PV concentrated at the far 
end of the LV feeder. The voltage at each 
household is within the statutory limits of +10% 
and -6% [14] when PV is clustered near the 
secondary of the substation, for all penetration 
levels. The upper voltage limit is exceeded at 
penetration levels greater than 40% when PV 
is clustered at the far end of the LV feeder. 
This is in-line with the literature that shows 
voltage limits may be violated at high 
penetration levels [15, 16].  
Figure 4 shows the variation of THD of the 
current at the secondary of the substation 
transformer for maximum irradiation (1000 
W/m2) and minimum load (500 W) for different 
locations of PV under different penetration 
levels.  The maximum THD of current is 
around 10% under all scenarios when the 
loads are considered to be linear.  THD is 
greater than 5% when the PV penetration level 
is more than 30%.  The peak of THD occurs at 
the penetration level when the active power 
demand of the loads is almost completely met 
by the PV generation.   
Figure 5 shows the variation of net active 
power at the secondary of the substation 
transformer for different penetration levels and 
for irradiation levels of 800 and 1000 W/m2.  
The penetration level at which reverse power 
flow starts is independent of the location of PV 
on the feeder.  However, it is dependent on the 
minimum load and maximum irradiation for the 
feeder.  Even very small reverse power flow for 
a duration less than 3 cycles may result in 
tripping of network protectors and create an 
island [17].   
Figure 6 shows the variation of power factor at 
the substation transformer for different 
penetration levels and irradiation of 800 and 
1000 W/m2. When the PV inverter is operating 
at unity power factor, the power factor at the 
secondary of the substation transformer goes 
below 0.8 lagging at penetration levels greater 
than 20% for irradiation of 1000 W/m2.   
 
Figure 2: Voltage profile for minimum loading 
conditions at different penetration levels for PV 
concentrated near the substation  
 
Figure 3: Voltage profile for minimum loading at 
different PV penetration levels for PV concentrated 
at the far end of the LV feeder 
 
Figure 4: THD of current at the secondary of the 
substation transformer for maximum irradiation and 
minimum load 
When the PV penetration level increases, the 
real power requirement of the loads is 
increasingly met by PV generation reducing 
the net real power demand at the secondary of 
the substation.  Since the inverter is mandated 
to operate at unity power factor and the 
reactive power demand of the load remains 
constant, the increase in penetration of PV 
and/or irradiance result in reduction of power 
factor at the secondary of the substation. 
The increase in power factor in the right hand 
part of the graph is due to the increase in 
reverse power flow when the PV penetration 
level   increases  further,  i. e.  the  real  power 
 
Figure 5: Net active power flow at the substation 
transformer for two different irradiation levels and 
different locations of PV 
 
Figure 6: Power factor at the secondary of the 
substation transformer for two settings of the tap 
changer 
being supplied to the transformer is increasing 
while reactive power is still being drawn from 
the transformer to meet the load demand. If the 
maximum irradiation is 800 W/m2, the power 
factor goes below 0.8 lagging at a penetration 
level of 30%. This is well before the violation of 
voltage limits of the feeder. When the tap 
changer of the substation transformer is set to 
reduce the secondary voltage to 240 V, the 
upper limits of the voltage at individual 
households is not violated for up to 80% 
penetration even when PV is clustered at the 
far end of the feeder. However the power 
factor falls below 0.8 at lower penetration level 
than when the substation voltage was 
maintained at 250 V. Maintaining unity power 
factor at the inverter may be beneficial for the 
customer, but, from the substation point of 
view, it would be more beneficial if the PV 
inverter could supply some reactive power i.e. 
the PV inverter operated at leading power 
factor. The power factor at which each inverter 
should operate in order to maintain near unity 
power factor at the secondary of substation 
transformer is dependent on the load power 
factor and penetration level of PV.  Also, the 
maximum reactive power that each inverter 
can supply is dependent on the irradiation at 
that instant and the rating of the inverter with 
respect to the rating of the PV system.  
Conclusion  
The performance of a feeder, representative of 
the UK residential power network, has been 
evaluated under different PV penetration levels 
in terms of the voltage profile across the 
feeder, total harmonic distortion of the current, 
net power flow and power factor at the 
secondary of the substation transformer.   
Power factor is a major parameter which 
decreases with an increase in penetration 
levels and reaches close to zero at 40% 
penetration. Zero power factor means that the 
substation transformer is only supplying 
reactive power and no real power.  The power 
factor of the feeder has to be improved so as 
to enable higher penetration of PV systems 
and reduce the losses of the feeder. Changing 
the tap setting to reduce the substation 
transformer voltage to 240 V maintains the 
voltage across the feeder within statutory limits 
for higher penetration levels, but this results in 
power factor to fall below 0.8 earlier than when 
the voltage was maintained at 250 V.  Enabling 
the PV inverter to supply reactive power helps 
in improving the power factor at the secondary 
of the substation transformer, but the amount 
that each inverter should supply is dependent 
of the load power factor and penetration level 
of PV.  Further work is required to quantify 
power factor setting of each inverter and the 
resulting improvement.  
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